Fetal skin possesses a regenerative activity until certain developmental stages. However, the origin of cells that regenerate dermis after wounding has not been clarified yet. In the present study we located the origin of cells that reconstruct fetal dermal structure by histological examination and by marking cells in the loose fascia. Next we evaluated the regenerative activity of fetal dermal mesenchymal cells by cotransplanting with fetal epidermal cells onto the skin defect of scid mice. We conclude that fetal dermal mesenchymal cells but not loose fascial cells possess regenerative activity even on the environment in scid mice. 709 710 KISHI ET AL.
INTRODUCTION
mals, manipulating several molecules will not be enough, and transplantation of cells that possess regenerative activity will be necessary. In this aspect, it is important to In lower animals like urodele amphibians or planalia, elegant regeneration is observed. Urodele amphibians understand the origin of cells that drive fetal regenerating wound healing. can regenerate eyes, limbs, and tail. Planalia even possess an ability to regenerate a whole body from one tiny
The cells that construct the scar in adult mice are reported to originate from the loose fascia beneath the part of the original body. In highly developed animals like mammals, however, only restricted organs have the panniculus carnosus muscle (PCM) (10). However, the origin of cells that regenerate skin in fetal wound heal-ability to regenerate in adulthood. As far as the skin is concerned, adult skin is not able to regenerate from full ing has not been reported.
In the present study, we indicate for the first time the thickness wounds. Mammalian fetal cutaneous wounds occurring at certain developmental stages show com-origin of cells that regenerate skin during fetal regenerative cutaneous wound healing. Next we evaluated the plete regeneration, including fine epidermal wrinkles (texture) that exist on the normal whole body, hair bulbs, regenerative activity of these cells by cotransplanting these cells with epidermal cells into the skin defect of sebaceous glands, and dermal structures (1, 5, 7, 8) . Many studies have been performed to clarify the mechanism scid mice. of this regenerative fetal wound healing, and some of MATERIALS AND METHODS them have provided reasons for scarless wound healing in the fetus. Some of these include lower expression of Mated 8-to 16-week-old female CD-1 mice were examined vaginally twice a day. When a mucus plug was TGF-β1 (4) and increased hyauronic acid in fetal wound healing. However, by manipulating the expression level observed, fetuses were designated as embryonic day (E) 0. Fetuses were operated on at E16. The method for fetal of TGF-β1 (9) or hyarulonic acid (6), scar formation is reported to be reduced only to some extent, and com-wounding was as follows: pregnant mice underwent laparotomy under general anesthesia with 40 µg/g of pento-plete cutaneous regeneration has never been achieved in adults. To achieve complete regeneration in adult ani-barbital intraperitoneal injection, and the myometrium and amniotic membrane were incised. A full-thickness sliced sections were dried and observed under a fluorescent microscope. cutaneous incisional wound about 2 mm in length was made in each flank of the fetus using surgical scissors For evaluation of the regenerative activity of dermal and loose fascial cells on the scid mice, C57BL/6J E17 usually used in microsurgery. For marking of the loose fascial layer, the scissors was inserted from the wound fetuses were dissected under a microscope and dermal and loose fascial tissues were separated. These tissues made on the fetal flank and blunt dissection beneath PCM was performed. As the layer between PCM and were digested with 0.25% trypsin /EDTA (Sigma, St. Louis, MO) for 15 min at 37°C and then suspended (Fig. deep muscle consists of loose tissue, blunt dissection is the most suitable to dissect beneath the PCM properly. 1). Epidermal cells were also obtained from the same fetuses. Epidermis and dermis were separated with 1000 The layer beneath the PCM was marked with 0.25% DiI (Molecular Probe, OR) in 1% ethanol in PBS by gently units of dispase (Godoshusei, Tokyo) by incubating for 30 min at 37°C. After incubation, epidermal sheets were adding DiI solution with a pipette. The myometrium and the amniotic membrane were then closed with a purse-detached from the dermis, followed by incubation with 0.25% trypsin/EDTA for 15 min at 37°C. Cells were string suture using 9-0 nylon. Finally, the maternal abdominal wall was sutured with 6-0 proline. Six hours resuspended with either 0.25% DiO (epidermal cells) (Molecular Probe, OR) or 0.25% DiI (dermal and loose later, fetuses were reoperated on and another full-thickness cutaneous wound was made where the layer be-fascial cells), incubated on ice for 5 min, and washed thoroughly with PBS. neath the PCM was marked with DiI, close to but at a different site from the previous wound. For histological
The epidermal cells and dermal or loose fascial cells were mixed together, followed by covering with poly-observation of fetal wound healing, wounds were harvested with surrounding tissues 24, 48, and 72 h later, propylene to prevent evaporation and leaking. Each transplant contained 1 × 10 7 cells: reconstructed skin of and histological sections were made. Each time point included at least eight wounds. For the DiI-marked epidermal cells and dermal cells (n equals; 8) and the reconstructed skin of epidermal cells and loose fascial wounds, at 72 h after the last wounding the animals were killed with chloroform followed by dislocation of the cells (n equals; 7). Full thickness skin defects 7 mm in diameter were neck, and wounds were embedded in OCT compounds (Sakura, Tokyo). DiI-marked wounds contained six made on the both sides of the back skin of scid mice. All scid mice used in the present examination were 8-9-wounds. Then they were snap frozen followed by slicing with a cryostat at 7 µm thickness. Without any fixation,
week-old males.
Four weeks later, the transplanted animals were killed fetal skin do not come from the loose fascial layer beneath the PCM but come directly from the dermis (Fig.  by inhalation of an overdose of chloroform followed by dislocation of the neck, and the reconstructed skin was 2). In order to support this histological observation, we marked the loose fascial layer with DiI (Fig. 3) . The bisected. Half of the samples were fixed with 4% paraformaldehyde, embedded in paraffin, and then hematox-regenerated dermis 72 h after wounding did not consist of cells marked with DiI. If we consider the histological ylin and eosin sections were observed. Half of the samples were snap frozen and cryosections were made as observation and fluorescent microscopic observation together, the cells that regenerated skin during fetal wound mentioned above. CD-1, C57BL/6J, and scid mice were obtained from Clea Japan Inc.(Tokyo, Japan). All proce-healing seemed to come from the dermis. The combination of epidermal and dermal mesenchy-dures were performed under the guidelines of animal care committees of Keio University. mal cells regenerated skin completely, including hair bulbs and sebaceous gland (8/8) ( Fig. 4) . However, the RESULTS direction of hair shafts was not in the same direction. The hair reconstructed on the back of scid mice included Histological examination of the fetal wound healing of various time points indicated that cells that regenerate melanin granules, indicating that the regenerated hair originated from the black C57BL/6J mice. The dermal cells. The cells that regenerated the dermal structure did not come from loose fascia beneath the PCM, but came collagen fiber was a basket weave-like structure, which is a characteristic of normal unwounded skin (Fig. 6) .
directly from the dermis. From these observations, it is considered that the key mechanism of fetal cutaneous The regenerated hair was constructed of the combination of the red DiI color of dermal cells and the green DiO wound healing exists in the interaction between epidermal cells and dermal cells. color of epidermal cells. On the contrary, the reconstructed skin from the epidermis and fascial cells was a The exact time limit for when fetal regenerative wound healing changes to adult scar-forming wound more scar-like structure without hair bulbs (7/7) (Fig.  5) . The dermal collagenous fibers were thin and com-healing has not yet been clarified. But in fetal wound healing models using mice, the E16 fetus has been re-pact, which is a characteristic of scar tissue (Fig. 6 ).
ported to be used as a regenerative model (3), and we DISCUSSION used E16 mice for our fetal wound healing models. For the selection of mesenchymal cells, we used E17 Fetal wound healing is a regeneration model, and thus it could be a blue print of scarless wound healing.
fetal cells in the reconstruction model on scid mice. The reason is that fetal wound healing is the combination of The origin of the cells is important in order to get some idea from fetal wound healing model using cell trans-development and wound healing. As observed histologically, when the wound is made at E16, 24 h later the plantation therapy.
As reported previously, the origin of cells that con-wound has not regenerated; the dermal mesenchymal cells seem to move after 24 h. struct scar formation in adult mice is from loose fascial cells beneath the PCM (10). However, the origin of mes-
The reconstruction model on the back of scid mice can be a useful model (2) to understand whether the enchymal cells that construct regenerated skin in fetal wound healing has not yet been clarified. This is the mixed mesenchymal cells can interact with the epidermis and regenerative activity of the dermis. The combi-first report to indicate the origin of fetal regenerating skin after wounding.
nation of epidermal and dermal cells from fetal mice could reconstruct almost normal skin, but the combina-By marking loose fascial cells beneath the PCM with DiI solution, we could locate the origin of regenerative tion of epidermal and fascial mesenchymal cells did not In the reconstructed skin in the combination of epidermal and dermal mesenchymal cells, the dermal collagen fiber was basket weave-like structure (a), which is a characteristic of normal unwounded skin (c). In the reconstructed skin in the combination of epidermal and loose fascial mesenchymal cells, the dermal collagen fiber was thin and compact, which is a characteristic of scar tissue (b). Bar: 50 µm.
reconstruct the dermal structure but constructed a scar-M. W. Endogenous inflammatory response to dermal wound healing in the fetal and adult mouse. Dev. Dyn. like structure. By using this reconstruction system on the
